Abstract: This study investigates the necessity for space robots to independently exchange their end-effectors due to the contradiction that exists between the requirements of various robots in space missions and the payload capacity limits of rockets. The results of this study summarize the system requirements for a new end-effector exchange mechanism, including compact size, misalignment tolerance, and regolith tolerance. This is followed by the development of a prototype model with a set of test apparatus. Then the function of the prototype is verified, the prototype is optimized, and the relation between docking force and misalignment is examined through operation tests.
Introduction
Future space missions involve the construction and assembly of large space structures, including a lunar base and an SSPS (space solar power system), and it is impossible for human beings to operate these missions without the support of robots. The missions require various robots, whose spare components are necessary because manual operation and maintenance of robots in space is also unavailable. However, a rocket continues to be the only method of transportation to space. The limit of the payload capacity of a rocket necessitates the minimization of equipment to the maximum possible extent.
This restriction leads to a concept in which a robot is divided into a robot arm and an end-effector. It is not necessary to ensure a robot arm for every end-effector. However, an EEEM (end-effector exchange mechanism) is necessary to connect the robot arm and the end-effector from the mechanical side and electrical side, as an interface. Hence, the Tokyo Institute of Technology and German Space Center
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(DLR) commenced a collaborated project on EEEM.
Several EEEMs have been developed in extant studies. The following section describes a detailed survey of two EEEMs previously developed for space robots, which correspond to the focus of the present study.
ETS-VII (Engineering Test Satellite VII) demonstrated robot arm operation in several missions, from 1997 to 1999. Three types of grapple fixtures ( Fig.  1 (a) ) exist between the end-effector of the robot arm ( Fig. 1 (b) ) and the payloads, to play the role of an EEEM, to ensure that the robot arm can hold different types of payloads.
Three ball-shaped alignment cones exist on the grapple fixture, for misalignment canceling. Additionally, three sets of finger covers aid fingers on the tip of the end-effector in accurately grasping the grapple fixture, and three latching mechanisms aid in holding the grapple fixture [1, 2] .
An SPDM (special purpose dexterous manipulator), also referred to as "Dextre", was launched in February 2008. It is the last component of Canada's MSS (mobile servicing system) for the ISS (international space station). Dextre's arm connects to the end-effectors through an OTCM (ORU-tool change out mechanism). For example, the OTCM possesses an internal gripper mechanism to drive its two jaws which can capture a standard micro interface on the bottom of the SARAH (self-adapting robotic auxiliary hand). Subsequently, a socket head of the OTCM extends, to engage a captive hexagonal bolt head. Therefore, the OTCM can control the fingers of SARAH through the socket head and a switching mechanism. Additionally, a pair of lights and a bore sight camera enable operators to operate with a lower degree of misalignment [3, 4] . Fig. 2 shows mechanism of OTCM and interaction of SPDM/OTCM and SARAH.
Based on the aforementioned background of this study, the study objectives are summarized as follows:
To investigate the system requirements for a new EEEM that is superior to extant EEEMs;
To develop a new EEEM, including a prototype model and a set of test apparatus for it; To operate a function verification test and an optimization test, and to study a method of misalignment canceling.
System Requirements
Requirements for a new EEEM that is superior to extant EEEMs are summarized in this section.
(1) For the purpose of cost saving, a prototype model is initially developed with a diameter that is less than 100 mm. It is intended for using as an assembling robot for a construction mission.
(2) A requirement for misalignment tolerance is that both position misalignment and rotation misalignment should exist without an external force and support of camera feedback during capture.
In order to satisfy the above requirements, we propose a concept of EEEM by using a spring force. A spring-capture mechanism is applied to ensure accurate docking and to increase misalignment tolerance. Fig. 3 shows an open mode and a closed mode of the spring mechanism. The left side illustrates the open mode while the spring is in a natural state. The right side illustrates the closed mode while the spring is restricted by an external mechanism. Fig. 4 shows the concept of the new EEEM. The left side of the figure shows that the spring mechanism is in the open mode and can capture the end-effector with a high misalignment tolerance. The right side of the figure shows that the spring mechanism is in the closed mode and can lock the end-effector on the robot arm.
(3) The electrical interface is set at the center of whole mechanism as a minimal solution for the regolith problem.
Otherwise, the installation of several electromagnetic mechanisms on the docking surface is proposed, to remove the regolith with the support of physical method. However, this concept is not verified in this study due to limited test conditions and this will be explored in a future study. Table 1 shows a comparison of the proposed new EEEM with the extant EEEM.
Development of the Test Apparatus
A prototype model is developed after discussing the concepts to satisfy the system requirements.
A prototype model of the active side is shown in Fig.  5 . There are two linear motion guides that are driven by the motor on the active side of the EEEM. One is used to guide the holding plate for springs and the other is used to guide holding plates for fixing-pins. It should be noted that fixing-pins play the role of an external mechanism to restrict the springs. First, the springs come out and open to capture the passive side, the fixing-pins then come out to close the springs, and they are eventually simultaneously retracted to lock the passive side onto the active side. Fig. 6 shows the capture process.
The main parameters of the prototype model (active side) are given in Table 2 .
The concept of the test apparatus is shown in Fig. 7 . A compliant base connected to the passive side is fabricated by using spring and spherical joints to provide the capability to rotate several degrees in the direction of two axes. Additionally, a roll stage connected to the active side, which introduces rotation misalignment, while a Y stage connected to the passive side introduces position misalignment.
An electrical control circuit is developed, as shown in Fig. 8 .
An H-bridge motor driver and an Arduino micro-controller board are inserted into the control circuit to control the motor direction and motor speed. Two potentiometers are installed to monitor the movement of the guide plates to avoid collision. Two strain gauges are installed to measure the forces acting on the motors, and the data are read by a data logger. A capacitive six-axis force-torque sensor is used to measure force and torque loads on the passive side under docking conditions. The complete test apparatus is shown in Fig. 9 .
Operation Test Results

Function Verification Test
(1) A maximum force load of 200 N that can be withstood by the prototype model is confirmed.
(2) A maximum torque load of 5 N・m that can be withstood by the prototype model is confirmed.
(3) A maximum position misalignment of 21 mm that can be withstood by the prototype model is confirmed.
(4) A maximum rotation misalignment of 5° that can be withstood by the prototype model is confirmed.
(5) The velocity of the springs during deployment is Fig. 9 The complete test apparatus.
9.3 mm/s, the velocity of fixing-pins during deployment is 9.0 mm/s, and the velocity of springs and fixing-pins is 8.9 mm/s when they are simultaneously retracted.
Optimization for the End-Effector Exchange Mechanism
(1) Three types of springs with different thicknesses (0.3 mm, 0.2 mm, and 0.1 mm) are tested.
(2) Three patterns of the number of springs (9, 6, and 3) are tested.
(3) Two types of passive sides with edges of different thicknesses are tested.
(4) Two different positions of the latching points are tested.
Based on a comparison of the above test results, a six-spring set-up with 0.3 mm spring thickness, a thin-edged passive side, and a high latching position is selected as the optimal combination.
The optimization of the prototype model is also generalized to other EEEMs of the spring-capture type. This is summarized as follows:
(1) Type of springs If there is no plastic deformation of the springs when they are closed by external mechanisms, springs with maximum possible thickness which means springs with the maximum possible coefficient of elasticity are desirable.
(2) Number of springs The angle between the direction of misalignment and spring should not be too large that leads to an ideal number of springs, either 6 or 7.
(3) Shape of the passive side A thin-edged passive side is preferred because it exhibits a better docking performance and weighs less than the thick-edged passive side.
(4) Position of latching points A higher latching position is preferred because it exhibits a better docking performance. However, it should be calculated such that it satisfies the system requirements for misalignment tolerance. (5) Shape of the latching mechanisms Furthermore, additional improvement for latching mechanisms should be considered to increase the misalignment tolerance.
A Study of the Relation between Docking Force and Misalignment
(1) Docking force and torque act on the passive side, and those obtained with position misalignments of 0 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm and rotation misalignments of 0°, 1°, 2°, and 3° are compared.
(2) Maximum docking force and holding force act on motors, and those obtained with rotation misalignments of 0°, 1°, and 2° are compared.
The test results are shown in Figs. 10-15 and Table 3 .
Docking force in the direction of the X axis and docking torque in the direction of the Y axis increase linearly with position as well as rotation misalignment. A comparison of the relation between docking force in the direction of the X axis and docking torque in the direction of the Y axis with two the types of misalignment indicates that the proportional coefficient with the rotation misalignment exceeds that with the position misalignment.
There is no linear relation between the force acting on the motors and rotation misalignment. This is because an increase in the misalignment (in this test, it implies that the angle of rotation misalignment gets to 2°) leads to a back angle (in this test, it is 0.5°) at the rotation stage.
A method of misalignment canceling for the robot arm control is proposed, based on the above test results. 
Conclusions
This study proposes a space construction mission and an EEEM of a robot arm that is necessary for the space construction missions. A new concept of an EEEM that utilizes a spring mechanism to enlarge misalignment tolerance is proposed. A prototype model is developed, and operation tests are performed. A future study will involve the method of robot arm control and a solution for the regolith problem.
